ABSTRACT I report a framework for assessing whether one mitochondrial genome is significantly more rearranged than another. This relative rate of gene rearrangement test (RGR) behaves according to expectation, distinguishing between highly rearranged and mildly rearranged insect mitochondrial genomes. It may be more broadly applied to assess the relative rate of nuclear gene rearrangement.
T HE organization of the mitochondrial genome among
Martin and Palumbi 1993; Rand 1994)-have been greatly facilitated by the availability of a test to compare Metazoa is remarkably uniform. Of the Ͼ300 entirely sequenced mitochondrial genomes, the vast majority statistically the relative rate of nucleotide substitution.
Here, I present the framework for a relative rate of gene contain the same 37 genes, are circular, and have very little noncoding sequence (Boore 1999) . Early comparrearrangement test (RGR). The RGR assesses whether one genome is significantly more rearranged than anisons suggested that the relative positions of genes were similarly highly conserved, at least when comparisons other. Although developed for comparisons of the mitochondrial genome, it may also prove useful for assessing within phyla were made (Moritz et al. 1987 ). However, more recent studies have exposed many exceptions to the statistical significance of differences in the relative rate of nuclear gene rearrangement (e.g., Coghlan and this prediction (Dowton and Austin 1999; Hickerson and Cunningham 2000; Shao et al. 2001a,b; Morrison Wolfe 2002) . Preliminary versions of this test have been used to compare the relative rates of mitochondrial et Shao and Barker 2002; Dowton et al. 2003) . Further, rearrangements appear focused in certain taxo- and nuclear (Burt et al. 1999 ) genome rearrangement, but in both cases no attempts at nomic lineages [e.g., within the Hymenoptera, Apocrita (Dowton and Austin 1999) and the nonhemipteran assessing the significance of any differences were made. The framework for the RGR follows that developed hemipteroids (Shao et al. 2001b) , and the Crustacea, Anomura (Morrison et al. 2002) ], leading to speculaby Tajima (1993) to assess the relative rate of nucleotide substitution between two sequences. A comparison of tion that the rate of gene rearrangement is not uniform, but may sporadically increase or decrease during evolutwo sequences can reveal only the absolute number of differences between those two sequences. To determine tion.
However, there is currently no means of assessing the whether one sequence is accumulating more substitusignificance of any rearrangement rate increase or detions than another, reference to a third sequence is crease-either lineages have highly rearranged genomes necessary (Figure 1 ). or they do not. It would be extremely useful to identify m 1 (the number of substitutions between sequence 1 the branches of the metazoan mitochondrial phylogeny and the reference sequence) and m 2 can be measured with significantly increased rates of rearrangement, as directly, and the relative rate of nucleotide divergence this would facilitate investigations of the underlying facis estimated by subtracting these two values. The signifitors associated with such rate changes. Analogously, cance of this value is assessed by performing a chi-square studies identifying factors associated with increased test, with 1 d.f., i.e., rates of nucleotide substitution-such as thermal regulation, body size, and generation time (Easteal 1985;  ( (1982) introduced the notion of a breakpoint distance between genome pairs, defined as the minimum number of breakpoints that must be introduced into one gewhether the test behaves according to expectation. Fignome to convert it to another, thus applying the parsimony ure 3 illustrates this expectation. The left side is a phyprinciple. An example of how this number is estimated is logeny of the hexapods (from Wheeler et al. 2001 ), shown in Figure 2 . In this test, I use breakpoint distances while the right side shows the same phylogeny, drawn as a means of quantifying the number of gene rewith branch lengths proportional to the number of gene arrangements between pairs of genomes. Conveniently, rearrangements (as measured by the breakpoint dissoftware has been developed to facilitate this calculation tance) that have occurred along each branch. This sug- (Moret et al. 2002) .
gests that Thrips, the lepidopsocid, Heterodoxus, and The RGR can be expressed in a manner analogous Apis have increased rates of gene rearrangement comto Tajima's relative rate test, pared with other insects. Table 1 shows the results of RGRs among the various insect mitochondrial genomes. In each case Daphnia [BP (1, 3) 
(Crustacea) was used as the reference mitochondrial genome (i.e., genome 3), with Drosophila as genome where BP (1, 3) refers to the breakpoint distance between 2. These tests (Table 1 , comparison A) indicate that the genomes 1 and 3, and BP (2, 3) refers to the breakpoint rate of mitochondrial gene rearrangement is insignifidistance between genomes 2 and 3. This expression cantly different among a number of insect orders, viz. measures the relative rate of gene rearrangement bethe Diptera, Coleoptera, Orthoptera, Hemiptera, and tween genomes 1 and 2, with genome 3 the reference Lepidoptera (i.e., those lineages with relatively short genome. As with Tajima's relative rate test, the signifibranches in Figure 3 ), but has significantly increased in cance of the calculated value is assessed by reference the lepidopsocid sp. (Psocoptera), Thrips (Thysanoptera), to chi-square tables, using 1 d.f.. Where multiple tests Heterodoxus (Phthiraptera), and Apis (Hymenoptera; i.e., are performed, Bonferroni corrections are applied. For those lineages with relatively long branches in Figure 3 ). example, if 10 RGRs are performed, a significant differThus, the RGR behaves according to expectation. ence is found only where P Ͻ 0.005 (i.e., 0.05 Ϭ 10 I used breakpoint distance as an estimate of the numtests).
ber of gene rearrangements, both to automate the calcuTo investigate the behavior of the test, I applied the lation and to make it feasible to extend the test to RGR to a range of insect mitochondrial genomes. The compare highly rearranged mitochondrial and nuclear insect mitochondrial genome was chosen as it displays genomes. However, the use of breakpoint distances may a number of properties useful for assessing the behavior inflate significance when making comparisons between of the RGR: (i) the organization of the ancestral insect relatively unrearranged genomes. This is due to the mitochondrial genome can be straightforwardly inbreakpoint distance being much greater than the numferred, as some insect mitochondrial genomes are orgaber of gene rearrangements when the degree of genome nized identically to those of some crustaceans; (ii) the reorganization is low. For example, a single rearrangenumber of gene rearrangements in most insect mitoment generally produces a breakpoint distance of 3 (see chondrial genomes can be calculated manually; and Figure 2 ), while two rearrangements generally produce (iii) insect mitochondrial genomes display a range of a breakpoint distance of 5. If genomes 2 and 3 are organizations, from retention of the ancestral organization to highly rearranged. In this way we can examine identical [such that BP (2,3) ϭ 0], genomes 1 and 3 need Figure 3 .-Left, phylogeny of the insects (redrawn from Wheeler et al. 2001) . Right, the same phylogeny, with branch lengths drawn proportional to the number of breakpoints. Where appropriate, breakpoint distances were assigned to internal branches (where the genome organization of related terminal taxa was identical but different from the ancestral organization), i.e., the branch leading to the four lepidopterans (two Ostrinia and two Bombyx) and the two Anopheles species. In all other cases, breakpoint distances were assigned to terminal branches. This is reasonable, as no deeper-level, synaptomorphic gene rearrangements are evident among these taxa. The bar shows the branch length for a breakpoint distance of 5.
only differ by two rearrangements [BP (1, 3) ϭ 5] to proof Tajima's relative rate test also apply to the RGR. For example, the choice of reference genome may influence duce a significant (P ϭ 0.0253) RGR. Thus, a comparison of the mitochondrial genomes of Drosophila and the test. Tajima's relative rate test is most powerful when the branch length to the reference sequence is short Anopheles, using Daphnia as the reference genome, would indicate that Anopheles is significantly more re- (Robinson et al. 1998) , and I purposely chose Daphnia and Drosophila with this in mind (they have identical arranged than Drosophila, even though these two genomes differ by just two gene rearrangements (the reagenome organizations, making the branch length to the reference taxon indeed short). Artificially increasing son this comparison produces an insignificant RGR in Table 1 , comparison A, is the Bonferroni correction).
the branch lengths to the reference mitochondrial genomes makes the RGR less able to detect significant In such cases, using the number of gene rearrangements rather than the breakpoint distance appears more reaincreases in the rate of gene rearrangement (Table 1 , comparison C; only Heterodoxus and Thrips have sigsonable. In this case (Table 1 , comparison B), all four taxa with highly rearranged genomes are still identified nificantly increased rates of rearrangement). This is not a criticism of the test, but an indication that it is less as significantly rearranged, but the level of significance is reduced for Apis and the lepidopsocid from Ͻ0.001 able to detect differences when the data are less than ideal. to Ͻ0.05, after Bonferroni correction.
I expect that both the advantages and shortcomings Indeed, the choice of a close reference genome may For all comparisons, genomes 2 and 3 are Drosophila and Daphnia, respectively. However, in comparison C, the number of gene rearrangements between genomes 2 and 3 has been artificially inflated (from 0 to 2), to assess the impact of increasing branch lengths to the reference genomes. The tabulated P values are the uncorrected values; asterisks indicate the level of significance after Bonferroni corrections (*P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001). Where genome organization did not differ among members of an order [viz. Coleoptera (Crioceris, Pyrocoelia, and Tribolium) and Lepidoptera (Bombyx and Ostrinia)], only a single genome was assessed. Only Anopheles from the Diptera was assessed, as the genome organization of other dipterans (Cochliomyia, Chrysomya, and Ceratitis) does not differ from that of Drosophila. 
